Objective: We sought to determine the impact of positron emission tomography/computed tomography (PET/CT) on the management of presumed resectable pancreatic cancer and to assess the cost of this new staging procedure. Summary Background Data: PET using 18F-fluorodeoxyglucose (FDG) is increasingly used for the staging of pancreatic cancer, but anatomic information is limited. Integrated PET/CT enables optimal anatomic delineation of PET findings and identification of FDGnegative lesions on computed tomography (CT) images and might improve preoperative staging. Material and Methods: Patients with suspected pancreatic cancer who had a PET/CT between June 2001 to April 2004 were entered into a prospective database. Routine staging included abdominal CT, chest x-ray, and CA 19-9 measurement. FDG-PET/CT was conducted according to a standardized protocol, and findings were confirmed by histology. Cost benefit analysis was performed based on charged cost of PET/CT and pancreatic resection and included the time frame of staging and surgery. Results: Fifty-nine patients with a median age of 61 years (range, 40 -80 years) were included in this analysis. Fifty-one patients had lesions in the head and 8 in the tail of the pancreas. The positive and negative predictive values for pancreatic cancer were 91% and 64%, respectively. PET/CT detected additional distant metastases in 5 and synchronous rectal cancer in 2 patients. PET/CT findings changed the management in 16% of patients with pancreatic cancer deemed resectable after routine staging (P ϭ 0.031) and was cost saving. Conclusions: PET/CT represents an important staging procedure prior to pancreatic resection for cancer, since it significantly improves patient selection and is cost-effective. A denocarcinoma of the pancreas accounts for approximately 40,000 deaths each year in the United States as well as in Europe.
A denocarcinoma of the pancreas accounts for approximately 40,000 deaths each year in the United States as well as in Europe. 1, 2 Although surgery still offers the only option for cure, many patients develop early recurrence within 6 -12 months of surgery. The dismal prognosis is related to the aggressive biology of this tumor entity and the presence of undetected extrapancreatic tumor spread at the time of surgery. Accurate staging, particularly identification of distant metastases, appears of paramount importance to properly select patients who are the most likely to benefit from surgery.
Current standard staging includes contrast-enhanced helical computed tomography (ceCT) of the abdomen and chest x-ray to detect infiltration of adjacent structures such as the superior mesenteric artery (SMA) and distant metastases. 2 Endoscopic ultrasonography (EUS) is increasingly used to detect vascular encasement and to obtain histologic confirmation of cancer by ultrasound-guided fine-needle aspiration cytology (FNA), if necessary. 3 In most current practice, exploratory laparotomy is performed for definitive surgical treatment, if the tumor is judged to be resectable by these means. Despite extensive preoperative staging, previously undetected metastases are found during laparotomy or laparoscopy in up to 30% of patients with pancreatic cancer. 4 -6 Positron emission tomography (PET) using 18F-fluorodeoxyglucose (FDG) is a noninvasive imaging technique that can be used to scan the entire body in one session. PET has been shown to be the most accurate examination for the detection of local recurrences and distant metastases in patients with colorectal cancer, with a significant impact on disease management. [7] [8] [9] [10] [11] In patients with suspected pancreatic cancer, PET also has a high sensitivity for liver metastases and may even differentiate between malignant and benign lesions. 7, 9, [12] [13] [14] However, the precise anatomic delineation of PET-positive findings is hampered by the limited anatomic information of PET images. 15, 16 To overcome this limitation, simultaneous examination by PET and computed tomography (CT) has been developed with the aim to coregister functional (PET) and anatomic information (CT) by the same scanner (PET/CT). 16 This combined diagnostic test should provide better detection rates with additional information of unclear lesions that may be missed on either ceCT or PET. These theoretical advantages have recently been confirmed for colorectal and lung cancer, where PET/CT was significantly more accurate in predicting the tumor stage than PET or CT alone. [17] [18] [19] The aim of this study was to evaluate the impact of PET/CT on the management of patients with suspected pancreatic cancer, who underwent a standardized conventional diagnostic work-up.
METHODS

Study Design
A prospective phase II trial on neoadjuvant chemotherapy for resectable pancreatic cancer was started in July 2001. Tumor staging in this investigation included standard abdominal ceCT (1-3 mm slices), chest x-ray, PET/CT, EUS with FNA of the primary tumor and FNA of metastatic lesions, serial serum CA 19-9 levels, and diagnostic laparoscopy. Since then, patients with focal lesions in the pancreas were routinely examined by PET/CT. The staging was performed in a stepwise manner, so that all patients had ceCT and PET/CT. When a patient appeared eligible for surgery, further staging examinations such as EUS, CA 19-9, and diagnostic laparoscopy were performed. Although patients were not eligible for neoadjuvant chemotherapy in absence of histologically proven cancer, surgery was not denied, as it is widely accepted that preoperative cytologic or histologic proof of pancreatic cancer is not a prerequisite for surgery. Therefore, surgery was performed in selected cases without preoperative histologic confirmation of cancer.
All laboratory, radiologic, and histologic data were entered into a prospective database and, after definition of inclusion criteria and study end points, data of eligible patients were analyzed in May 2004. Each patient with a focal lesion in the pancreas or with clinical suspicion of pancreatic cancer was eligible for this analysis. Follow-up was performed by personal contact with the attending or general physician. Data analysis was done in accordance with the guidelines of the local ethics committee, and written informed consent for PET/CT scanning was available in each patient.
The main objective of this study was to evaluate the impact of PET/CT on the management of patients with pancreatic cancer and related cost of this new staging procedure. Secondary study objectives were the ability of PET/CT to differentiate benign and malignant pancreatic lesions and to detect distant metastases.
PET/CT Imaging Protocol
All patients had fasted for 4 to 6 hours and received an injection of 350 -450 MBq FDG approximately 60 minutes prior to the PET/CT examination. In addition, patients received oral contrast to improve delineation of abdominal structures on CT. 20 Intravenous contrast medium was not given because all patients underwent an additional ceCT scan.
A combined in-line PET/CT scanner (GEMS Discovery LS, Waukesha, WI) was used for all examinations. This device consists of a 4-slice Light Speed Plus CT scanner and an Advanced NXi PET scanner. A helical nonenhanced CT is performed followed by a FDG-PET during one imaging session with the patient being automatically moved from the CT to the PET gantry by shifting the table by 60 cm.
The CT scan was acquired from the top of the head to the pelvic floor using a standardized low-dose protocol of 140 kV, 80 mA, and a tube-rotation time of 0.5 second per rotation in the normal expiration phase to avoid mismatch of CT and PET data in the upper abdomen. 21 Immediately after CT, PET was performed covering the same axial fields of view of the body. PET emission data were obtained using an acquisition time of 4 minutes per table position, and the section thickness of CT and PET studies were adapted to each other (5-mm contiguous slices). Because the CT data were used for transmission correction, additional transmission scanning was not necessary and imaging of the entire examination was done in less than 30 minutes.
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Data Analysis
The attenuation corrected PET images, the CT images and the integrated PET/CT images were viewed simultaneously by at least 2 nuclear medicine physicians and radiologists using eNtegra software (GE Medical Systems). Image interpretation was based on the identification of regions with increased FDG uptake on the PET images, and the anatomic delineation of all FDG-positive lesions on the integrated PET/CT images. Furthermore, all CT images were viewed separately to identify additional lesions without FDG uptake using soft tissue, lung and bone window leveling.
Findings on PET/CT were compared with results of standard staging and validated by intraoperative findings and histology of the resected specimen or biopsies. For patients, who were diagnosed to have a benign pancreatic lesion by PET/CT, and did not undergo resection, long-term outcome was assessed to confirm the diagnosis made by PET/CT.
Cost Benefit Analysis
We performed a cost benefit study to assess direct cost and benefits as a consequence of the additional application of PET/CT to the standard staging procedure for patients with suspected pancreatic cancer. 23 For patients deemed resectable after standard staging and who were finally excluded from resection because of metastasis diagnosed by PET/CT, we assumed the saved cost were accruable to PET/CT. Cost analysis included all direct cost of standard staging with PET/CT and cost of surgery from a societal perspective. Cost data were derived from our accounting department and reflect real cost for the year 2004, including physician fees. Cost for pancreatic surgery were based on average charged costs of 10 consecutive pancreatic resections at our hospital. Cost for cytologic confirmation of suspected metastases including cost for cytologic work-up were added to the cost of PET/CT. We did not include any cost after hospital discharge such as palliative or adjuvant chemotherapy due to limited follow-up at the time of analysis. For sensitivity analysis, we also calculated mean daily charged cost for the postoperative period on the regular ward (cost for ICU excluded) and subtracted these cost from total cost according to the tested scenario. The time frame included the staging procedure and surgery. No discounting of cost was done due to a time frame within one year. Cost are expressed in U.S. dollars (exchange rate May 2004; 1CHF ϭ $0.77).
Statistical Analysis
All values are presented as median (range). Statistical parameters, such as sensitivity, specificity, positive (PPV) and negative predictive values (NPV) were calculated by standard 2-by-2 tables. The McNemar test was used to test whether dependent categoric data of 2 groups differed. Statistical analysis was performed using SPSS (version 11.5). P values Ͻ0.05 were considered significant. Table 1 . A pancreatic mass was detected by ceCT in 50 patients, by magnetic resonance imaging in 1, by ERCP in 2, and by abdominal or endoscopic ultrasound, only, in 3 and 3 patients, respectively. The median time interval between ceCT and PET/CT was 10 days. Final histologic diagnosis was established in 52 patients (88%), while a definitive histologic diagnosis was not available in 7 patients (12%). The median follow-up of these 7 patients was 15 months (range, 6 -18 months) with repeated EUS-guided FNA and serial CT or MRI of the pancreatic mass confirming the benign nature of the lesion in each case. Therefore, these patients were judged to have benign diseases and were not operated.
RESULTS
From
Can PET/CT Differentiate Benign From Malignant Pancreatic Lesions?
The most important step in the work-up is to decide whether the pancreatic lesion is benign or malignant, because the majority of benign lesions do not require surgery. Because PET/CT was performed as a low-dose CT without intravenous contrast, the CT portion could not be used for the determination of local resectability and dignity of the lesion, respectively. Therefore, only the PET portion of PET/CT was used for this analysis.
PET/CT had a high PPV (91%) but low NPV (64%) for cancer ( Table 2) . False-positive results were caused by an inflammatory pseudotumor, 1 pancreatic tuberculosis, 1 chronic pancreatitis, and 1 focal high-grade dysplasia, which was suspicious for malignancy by brush cytology. For this reason, the patient was treated in the neoadjuvant protocol, but no tumor was found in the resected specimen. Only the patient with pancreatic tuberculosis had a slightly elevated CRP of 16 mg/L (normal Ͻ5 mg/L). False-negative results in patients with histologically proven cancer occurred in 5 patients ( Table 2) . Three of these patients had elevated blood glucose levels (151 mg/dL, 156 mg/dL, and 184 mg/dL), and 3 had small tumors (T1 or T2). The diagnostic accuracy of PET/CT for the assessment of pancreatic cancer was compared with ceCT that represents the current standard imaging technique. Only the PET portion was used for this particular analysis, since a nonenhanced CT does not allow the differentiation of benign and malignant lesions. Sensitivity and specificity of ceCT were 93% and 21%, respectively. Although ceCT and PET/CT were equally sensitive for pancreatic cancer (P ϭ 0.69, McNemar test), PET/CT has an increased specifity. However, the difference was not significant (P ϭ 0.07, McNemar test).
Does PET/CT Detect Additional Distant Metastases in Patients With Pancreatic Cancer?
After establishing the diagnosis of pancreatic cancer and confirming local resectability of the tumor, the main objective of staging of pancreatic cancer is the identification of patients with distant metastases because they are currently thought not to be candidates for surgery. Therefore, PET/CT was evaluated for its ability to detect distant metastases in patients with pancreatic cancer.
Forty-six patients had histologically proven pancreatic malignancy. Sixteen patients had distant metastases detected by one of the applied staging procedures (including diagnostic laparoscopy), which were all histologically proven. Five patients were locally unresectable caused by the infiltration of mesenteric vessels. Finally, 25 patients underwent pancreas resection for malignancy.
Regional lymph node metastases (pNϩ) were found in 14 of the 25 patients (56%) with histologically proven adenocarcinoma who underwent pancreatic resection. PET/CT detected regional lymph node metastases only in 3 of these patients, of which 2 were FDG-positive.
Sixteen patients had distant metastases (see above), and standard staging detected 9 of them. Two hepatic lesions were misdiagnosed as liver metastases by routine staging, 1 in a patient with chronic pancreatitis, and 1 in a patient with pancreatic adenoma. In addition, 5 patients were only diagnosed by PET/CT (see below), and 2 small (Ͻ5 mm) liver metastasis were only found during diagnostic laparoscopy. Consequently, sensitivity and specificity of standard staging for distant metastases were 56% (9/16) and 95% (41/43), respectively.
PET/CT diagnosed distant metastases in 13 patients, of which 5 were only identified by PET/CT findings. Twelve of these patients had FDG-positive metastases. Metastases, which were only detected by PET/CT, were in the liver and retroperitoneal lymph nodes, the abdominal wall (Fig. 1) , cervical lymph nodes (Fig. 2) , and the lungs (n ϭ 2). Lung metastases were FDG-negative in one patient, whereas the other patient had both FDG-positive and -negative metastases. Three patients were missed by PET/CT. One patient with a single liver metastasis was detected by ceCT, while 2 were only detected by diagnostic laparoscopy. No false positive results were obtained from PET/CT for distant metastases. Therefore, sensitivity and specificity were 81% (13/16) and 100% (43/43), respectively.
PET/CT improved the detection of distant metastases compared with standard staging alone (81% versus 56%; P ϭ 0.22, McNemar test). Standard staging followed by PET/CT further improved the detection of metastases to 88% (P ϭ 0.06, McNemar test).
Does PET/CT Impact on the Management of Patients With Pancreatic Cancer?
The oncological management of patients with pancreatic cancer is mainly influenced by the local resectability and the detection of distant metastases. Additional malignant findings might lead to changes of the oncological management. Therefore, we evaluated the impact of PET/CT on the oncological management of patients with pancreatic cancer. A number of benign lesions (n ϭ 17) were found by PET/CT (Table 3) . Although these findings did not directly influence the treatment of pancreatic cancer, they sometimes required further diagnostic evaluation including biopsies.
In addition to those 5 aforementioned patients in whom only PET/CT detected distant metastases, using PET/CT we diagnosed simultaneous cancer of the rectosigmoid (at 8 cm and 18 cm) in 2 patients (Fig. 3) . One recto-sigmoid resection was performed with curative intention in a patient with nonmetastatic pancreatic cancer (18 cm). A palliative resection for synchronous rectal cancer (8 cm) was performed in a patient with additional metastasis of the abdominal wall. Both patients did not have symptoms from the rectal tumors, and both tumors were not detected on physical examination. Consequently, the oncological management was changed in 6/37 (16%) patients who were judged to have resectable pancreatic cancer after conventional staging due to additional findings on PET/CT. PET/CT findings impacted on the oncological management of patients with pancreatic cancer (15/46) significantly more often than standard staging (9/46; P ϭ 0.03, McNemar test). In addition, PET/CT always enabled minimally invasive histologic confirmation due to exact anatomic delineation of the lesion.
Is PET/CT Cost-Effective?
The median length of stay on the intensive care unit (ICU) was 1 day (range, 1-3 days), and the median length of hospital stay including 1 preoperative day was 15 days (range, 10 -40 days). The cost analysis of pancreatic resections for cancer at our hospital revealed mean costs of $37,700 per case, whereby each postoperative day on the floor accounted for $1,200. Costs of PET/CT amounted to $1,925 ($425 for FDG, $1,500 for PET/CT scanning; Table 4 ).
Metastases detected by PET/CT were cytologically confirmed by ultrasound (US)-guided biopsy (n ϭ 3), CTguided biopsy (n ϭ 1), and thoracoscopic wedge resection (n ϭ 1). US-guided FNA amounted for $193, CT-guided FNA for $474, and thoracoscopic wedge resection for $10,960 (overall costs). Total cost for these 5 interventions including cytologic processing amounted for $12,010.
On the basis of our series of 59 patients with suspected pancreatic cancer, 5 patients were excluded from pancreatic surgery because of metastasis diagnosed by PET/CT. Therefore, $188,500 could be saved by avoiding 5 pancreatic resections. Total cost of PET/CT for all 59 patients amounted to $125,588 (including cost for biopsies). The amount of $62,912 was finally saved by the additional use of PET/CT, which accounts for $1,066 per patient.
Sensitivity Analysis
PET/CT could be even more cost effective if it was restricted to patients who were deemed resectable after routine staging. Thirty-seven patients were judged to be surgical candidates after routine staging, but 5 patients had to be excluded because of metastasis found by PET/CT. Whereas the cost for 37 PET/CT examinations amounted to $83,238 (including cost for biopsies), $188,500 was saved by excluding 5 patients with metastatic disease from surgery. By limiting PET/CT imaging to patients with resectable disease after routine staging, $105,262 could have been saved ($2844 per patient).
Because the length of hospital stay heavily influences on cost of surgery, we tested the sensitivity of our results assuming a shorter hospital stay. According to this assumption, a Whipple procedure with a 12-day or 10-day hospital We also tested whether the type of FNA influences our analysis. If CT-guided FNA would have been applied instead of US-guided FNA, the cost for PET/CT would have increased to $126,905. Finally, we tested whether PET/CT would still be cost-saving if all metastases were confirmed by surgical interventions (eg, thoracoscopic resection). Assuming that all detected metastases were located intrathoracically, PET/CT cost (including FNA) would have amounted to $168,375 and only $20,125 could be saved ($2,853 and $341 per patient, respectively).
DISCUSSION
Surgery remains the only curative treatment of locally resectable and nonmetastatic pancreatic cancer. Although perioperative mortality has markedly decreased during the past 2 decades, complication rates remain high 24 and the long-term outcome is dismal with 5-year survival rates of 10 -25%. [25] [26] [27] Novel staging tools are needed to improve preoperative patient selection to offer surgery only to those patients who are likely to benefit from it. Cost of novel staging tools also must be evaluated because costs have become increasingly important in many health care systems during recent years. In this study, we demonstrate that PET/CT significantly improves patient selection by changing the oncological management of patients with pancreatic cancer in 16% of the cases. Furthermore, PET/CT reduced perioperative costs by preventing unnecessary surgery. PET/CT also enabled targeted biopsies due to the exact anatomic delineation of FDG-positive lesions.
As for other adenocarcinoma, eg, colorectal and lung cancer, PET has been shown to identify otherwise undetected distant metastases in patients with pancreatic cancer. 11, 13, 17, 28 This represents a crucial aspect of staging in patients with pancreatic cancer as the occurrence of distant metastases is associated with a deleterious outcome. The main limitation of PET scanning is the poor anatomic delineation of FDGpositive lesions. 15, 16 In contrast, integrated PET/CT provides exact anatomic delineation of FDG positive lesions, which dramatically improves image interpretation. Physiological FDG uptake in the gastrointestinal tract, the liver and in the kidneys can easily be differentiated from malignant lesions in the retroperitoneum. 15, 16 Furthermore, FDG-negative lesions can be detected by the simultaneous CT scan. Supporting these putative advantages, 3 studies have convincingly shown superiority of PET/CT over PET alone for the staging of colorectal 18, 19 and lung 17 cancer. The main objective of this analysis was to evaluate the impact of PET/CT on the oncologic management of patients with pancreatic cancer. PET/CT might impact on the management of patients with suspected pancreatic cancer in 2 ways; ie, unnecessary surgery and further staging examinations could be avoided by reliably excluding cancer and by detecting additional metastases. Therefore, we evaluated both the ability of PET/CT to differentiate benign from malignant pancreatic lesions and to detect distant metastases.
Although no data are currently available on the use of PET/CT in the work-up of patients with pancreatic cancer, a few authors have reported on PET scanning. The sensitivity and specificity of PET/CT for the diagnosis of pancreatic cancer in the current study was similar to PET alone and consistent with previous figures available in the literature. 7 However, PET and PET/CT are not used for screening asymptomatic patients, but for assessing malignancy in patients with suspected pancreatic cancer. For this reason, the PPV and NPV are much more relevant, since they describe the probabilities of FDG-positive lesions to be malignant, and of FDG-negative lesions not to be malignant, respectively. The results of our study indicate that FDG-positive pancreatic lesions have a very high probability (91%) for malignancy and were always an indication for surgery. However, because of the low NPV (64%), cancer could not be excluded based on PET/CT findings alone. In accordance with the literature, the NPV also was higher in our study if patients with elevated glucose levels were excluded (data not shown). In our series, neither the size of the pancreatic lesion nor elevated CRP values explained false PET findings.
PET and ceCT were equally effective in detecting pancreatic cancer. PET had a higher specificity than ceCT (69% versus 21%). Nevertheless, the specificity of PET is limited regarding the exclusion of pancreatic cancer, and PET should always be combined with a simultaneous CT with intravenous contrast.
PET/CT findings significantly changed the overall management of patients with pancreatic cancer compared with standard staging in the present study. Although both cases of simultaneous rectal cancer as well the metastasis in the abdominal wall were also visible on ceCT, they were missed at the time ceCT was performed, and only the FDG uptake guided to their detection. In addition, PET/CT detected FDG-negative distant metastases on the CT portion that were missed on PET. By this, PET/CT in addition to standard staging found more metastases than standard staging. However, statistical significance cannot be demonstrated when the 2 groups differ by less than 6 events regardless of the sample size. The observed difference in sensitivity (81% versus 56%) would probably be significant in a larger series of patients with the same proportion of additional metastases (16%) detected by PET/CT.
The routine use of PET is believed to not be costeffective and has not been accepted as standard staging examination in many centers and health care systems despite its proven influence on patient selection. 7 In our series of 59 patients with suspected pancreatic cancer, PET/CT was cost saving by excluding patients from resection because of metastasis. Our cost and treatment data were derived from Swiss cost structures and Swiss treatment patterns. Because costs for PET/CT are not available from other centers, a cost comparison is not possible. However, our cost for a Whipple procedure of $37,700 are well comparable with cost data derived from the United States published during recent years ($38,000), 29 -31 and the hospital stay in our series was within the range reported from other centers in Europe 32, 33 and the United States 34, 35 (12-20 days) . Neither shortening the length of hospital stay nor the use of CT guided FNA and surgical assessment of metastasis (by a thoracoscopic or laparoscopic approach) reversed the cost-effectiveness of PET/CT. The main limitation of our cost study is a short time frame that considers only the staging process and the perioperative period due to a limited follow-up at the time of analysis. Patients with metastatic pancreatic cancer detected by PET/CT may generate further cost because they need various palliative treatments, including chemotherapy, repeated biliary stenting, or palliative surgery. 2 However, patients undergoing pancreas resection are increasingly offered adjuvant treatments, 36, 37 which would at least equalize these cost. Furthermore, improved patient selection by PET/CT may increase survival after surgery, which might reduce overall cost. Because PET/CT is the combination of PET and CT, the detection rate of the PET and CT portions of PET/CT are the same as for either examination alone. The major advantages of PET/CT are the simultaneous availability of both functional and anatomic information that facilitates an optimal fusion of both imaging techniques. Only by this improved imaging fusion, FDG-positive findings, eg, lymph node metastases, can be exactly identified.
As reported from the literature and also demonstrated in this study, FDG uptake is not specific for malignancy, 28 and FDG-positive lesions always require histologic confirmation before a patient is denied surgery. Local resectability is still best assessed by ceCT with thin slices, particularly the determination of vascular infiltration of the SMA and celiac axis. In this study, only a low-dose CT without intravenous contrast medium was used for image fusion of PET/CT. Regular ceCT using intravenous contrast with arterial and porto-venous phases can be performed by the PET/CT scanner. Whether PET/CT with intravenous contrast (cePET/CT) may replace ceCT as an "all-in-one" staging procedure for pancreatic cancer, needs to be evaluated in future studies, but yields promises. Such "all-in-one" procedures could further increase specificity and improve cost-effectiveness of PET/CT. On the basis of our clinical and economic evaluation of PET/CT in the preoperative staging process of patients with pancreatic cancer, PET/CT proves to be beneficial and might advance to a standard staging examination for pancreatic cancer.
